5Ј-triphosphate (ATP), 100 mM KCl, and 1 mM dithiothreitol (DT T). Samples were incubated at 37°C for 5 min, fixed with 0.5% glutaraldehyde, and squashed under cover slips.
To gain insights into the molecular basis for metastasis, we compared the global gene expression profile of metastatic colorectal cancer with that of primary cancers, benign colorectal tumors, and normal colorectal epithelium. Among the genes identified, the PRL-3 protein tyrosine phosphatase gene was of particular interest. It was expressed at high levels in each of 18 cancer metastases studied but at lower levels in nonmetastatic tumors and normal colorectal epithelium. In 3 of 12 metastases examined, multiple copies of the PRL-3 gene were found within a small amplicon located at chromosome 8q24.3. These data suggest that the PRL-3 gene is important for colorectal cancer metastasis and provide a new therapeutic target for these intractable lesions.
Metastasis is the neoplastic process responsible for most deaths from cancer because the primary tumors can usually be surgically removed. Metastatic cells undergo cytoskeletal changes, loss of adhesion, and enhanced motility and express proteolytic enzymes that degrade the basement membrane (1-3). However, much remains to be learned about this lethal process, and further progress is contingent upon identifying novel genes and pathways that are consistently and specifically altered in metastatic lesions.
In the case of colorectal tumorigenesis, the genes associated with initiation and progression to the invasive (cancerous) stage are well known (4). However, no gene has been shown to be consistently and specifically activated in liver metastases, the lesions that are usually responsible for the deaths of colorectal cancer patients. To learn which genes might be involved in this process, we performed global gene expression profiles of liver metastases using serial analysis of gene expression (SAGE) technology (5) . We first prepared a SAGE library from microdissected metastases (6) . Surprisingly, we found that many of the transcripts identified in these libraries were characteristic of normal hepatic or inflammatory cells, precluding quantitative analysis (7). To produce a more specific profile of metastatic epithelial cells, we developed an immunoaffinity fractionation procedure to purify colorectal epithelial cells from contaminating stromal and hepatic cells (8). A SAGE library was prepared from cells purified in this manner, yielding ϳ95,000 tags representing at least 17,324 transcripts (6) . These tags were compared with ϳ4 million tags derived from diverse SAGE libraries, particularly those from normal and malignant (but nonmetastatic) colorectal epithelium (9). One hundred and forty-four transcripts were represented at significantly higher levels in the metastasis library than in the other libraries, while 79 transcripts were represented at significantly lower levels in the metastasis library (10).
Transcripts that were enriched rather than depleted in the metastasis library have obvious diagnostic and therapeutic potential. We therefore selected 38 of the most interesting enriched transcripts for further analysis ( Table 1 ) (11). To confirm the SAGE data, we compared the expression of these transcripts in several microdissected metastases, primary cancers, pre-malignant adenomas, and normal epithelium by quantitative, real-time polymerase chain reaction (PCR) (8). Although all 38 of these transcripts were found to be elevated in at least a subset of the metastatic lesions tested, only one gene, PRL-3, was found to be consistently overexpressed.
PRL-3 (also known as PTP4A3) encodes a small, 22-kD tyrosine phosphatase that is located at the cytoplasmic membrane when prenylated at its COOH-terminus and in the nucleus when it is not conjugated to this lipid (12) . Among normal human adult tissues, it is expressed predominantly in muscle and heart (13) . Although PRL-3 had not been linked previously to human cancer, overexpression of PRL-3 has been found to enhance growth of human embryonic kidney fibroblasts (13) , and overexpression of PRL-1 or PRL-2, close relatives of PRL-3, has been found to transform mouse fibroblasts and hamster pancreatic epithelial cells in culture and promote tumor growth in nude mice (14, 15) . On the basis of this information, our preliminary expression data, and the importance of other phosphatases in cell signaling and neoplasia, we examined PRL-3 in greater detail. We first investigated PRL-3 expression in epithelial cells purified from colorectal tissues from various stages of colorectal neoplasia using the procedure described above (8); this purification proved essential for accurate quantification of PRL-3 expression. PRL-3 was expressed at low levels in normal colorectal epithelium and epithelium from benign tumors (adenomas) and at intermediate levels in a subset of malignant stage I or II cancers (Fig. 1) . In contrast, it was expressed at relatively high levels in each of 12 colorectal cancer metastases (examples in Fig. 1 ).
The metastases evaluated in Fig. 1 were not derived from the same patients from whom the earlier stage lesions were obtained. Previous analyses have revealed that expression patterns of many genes differ between individuals, and that comparisons of tissues from different patients could potentially be misleading (16) . To address this concern, we purified epithelial cells from a liver metasta- (Fig. 2) . The observation that PRL-3 is expressed at relatively high levels in metastases is consistent with its playing a causative role in metastasis. However, the most definitive way to implicate a gene in human cancer is to identify genetic alterations of that gene (17) . We therefore determined whether PRL-3 was genetically altered through gene amplification, a well-known mechanism for increasing the expression of growth-regulating genes in human cancers (18) . Through radiation hybrid and syntenic mapping, we found that the PRL-3 gene was located ϳ3 Mb from the telomere of chromosome 8q, at a position corresponding to chromosomal band 8q24.3 (19) . Real-time PCR analyses of genomic DNA prepared from the purified epithelial cells of 12 metastatic lesions, each from a different patient, was performed to determine PRL-3 gene content; as with expression analyses, such purification proved critical for reliable quantification. In each case, we determined the genomic content of PRL-3 sequences relative to that of a sequence near the centromere of chromosome 8q (8). This comparison allowed us to distinguish true amplification from simple increases in chromosome number due to aneuploidy (18) . We found that 3 of the 12 metastases studied exhibited amplification, to levels of ϳ25 copies, 26 copies, and 37 copies per diploid genome.
We next compared the genomic content of sequences distributed throughout chromosome 8q to define those that were amplified in these three metastases (8). The availability of the nearly complete human genomic sequence considerably facilitated this mapping effort (20, 21) . Although the PRL-3 gene was not found in public databases generated through the Human Genome Project, it was found on a Celera scaffold located ϳ145 Mb from the telomere of chromosome 8p and ϳ3 Mb from the telomere of chromosome 8q, consistent with our radiation hybrid mapping data (19, 22) (Fig. 3) . In all cases, amplification was confined to a very small region of chromosome 8q that included PRL-3 ( Fig. 3 ) (22) . The only known or predicted genes within this small amplicon were PRL-3 and a hypothetical gene homologous to a TATAbinding protein. No expression of the latter gene was detectable in metastatic lesions when assessed by reverse transcription (RT)-PCR. However, the region of the Celera scaffold on which PRL-3 maps (22) contains gaps estimated to be Ͻ20 kb in size. If these gaps were in fact larger than expected, the total size of the amplicon would be larger than the 100 kb indicated in Fig. 3 and could contain additional genes.
In summary, we have identified a gene encoding a tyrosine phosphatase that is consistently overexpressed in metastatic colorec- The number of copies of sequences corresponding to each of the indicated loci was determined by real-time PCR. In each case, the number of copies per diploid genome was determined by comparison with equal amounts of DNA from normal cells (8). Genomic DNA from purified epithelial cells of metastases from three different patients was used for these experiments; in another nine patients, no amplification of PRL-3 sequences was observed. (Top) Results obtained from one of the metastases, with primers corresponding to several chromosome 8q sequences as well as to sequences from two other chromosome arms as controls. (Bottom) More detailed mapping of all three metastases, with primers corresponding to sequences within a small region ϳ145 Mb from the telomere of chromosome 8p (the centromere of chromosome 8 is at ϳ45 Mb). The positions indicated in the bottom panel refer to nucleotides distal to the 145-Mb position (e.g., "152,861" refers to a position 145,152,861 bp from the telomere of 8p). All three metastases were shown to lack amplification of proximal chromosome 8q sequences (at positions 95 and 135 Mb). Not all markers could be studied in all metastases because of the limited amounts of DNA obtained from purified epithelial cells of these lesions. Bars represent the averages of at least three independent determinations, and standard deviations were Ͻ5% of the measured cycle numbers. Ex1 and Ex2 refer to exons 1 and 2 of the PRL-3 gene, respectively. tal cancers. The confinement of the gene to a small amplicon in a subset of these tumors provides important, complementary evidence for the role of this gene in metastasis; the major genes previously shown to be amplified in naturally occurring cancers are all oncogenes (18, 23, 24) . Extra copies of chromosome 8q DNA sequences have been observed in the advanced stages of many different tumor types, including advanced colon cancers (25) (26) (27) (28) . It has been suggested that the c-MYC gene on chromosome 8q24.12 is the target of such 8q overrepresentation. In the three metastatic lesions we examined, c-MYC was not amplified and was in fact located ϳ14 Mb from the boundaries of the PRL-3 amplicon. It will, therefore, be of interest to evaluate the expression and genomic representation of PRL-3 in the metastases of other cancer types.
Further experiments will be required to determine the biochemical mechanisms through which PRL-3 influences neoplastic growth and to establish its causative role in the metastatic process. However, one of the most important ramifications of the work described here concerns its potential therapeutic implications. Most of the previously described genetic alterations in colorectal cancers involve inactivation of tumor suppressor genes. The proteins produced from these genes are difficult to target with drugs, because they are inactive or absent in the cancer cells (29) . In contrast, enzymes whose expression is elevated in cancer cells, like that encoded by PRL-3, provide excellent targets for drug discovery purposes.
